INTRODUCTION
Xylan is, after cellulose, the second most abundant polysaccharide in nature. It consists of a backbone of /3-1,4-linked D-xylose, usually with branches of a-l,3-linked L-arabinofuranose and a-l,2-linked D-glucopyranose.
Degradation of xylan requires the action of several different types of enzyme. Among these, endo-l,4-/3-xylanase (B.C. 3.2.1.8) is the most important as it initiates the degradation of xylan into xylo-oligosaccharides. Xylanases from various microorganisms, including fungi and yeasts, have been isolated and characterized (reviewed in 1, 2). Studies of xylanases typically have been limited to cloning of genes encoding them and preliminary characterization of crude enzyme preparations. Detailed characterization of the hydrolytic properties and mechanism of action of these enzymes will require a good model system.
The white rot fungus Schizophyllum commune produces a xylanase, XynA, of very high specific activity against xylan (3, 4) . The enzyme is the most active member of a group of small xylanases classified as Family G endoglycanases (5) . Unlike some other xylanases, XynA does not hydrolyze cellulose (4) . Its small size (20 kDa), high specific activity, and the availability of a number of evolutionary homologs make XynA a suitable model enzyme for the study of xylanolysis.
Site-specific and saturation mutagenesis are powerful methods for the analysis of structure and function in an enzyme. Unfortunately, the xynA gene had not been cloned from S. commune. Rather than clone and express the natural S. commune xynA gene, a synthetic gene was constructed. DNA sequencing of genes cloned from S. commune indicates that its genome is rich in guanosine and cytosine base pairs and relatively poor in restriction sites (6, 7 , and R. G. pers. obs.). These features could make the natural gene difficult to express in E.coli and also troublesome for DNA sequencing. This, and the small size and known amino acid sequence of XynA (M.Yaguchi pers. comm.) made the gene a reasonable target for synthesis.
Mutation of XynA is most easily accomplished by replacement of restriction fragments with synthetic duplexes or polymerase chain reaction (PCR) amplified (8) gene segments containing the desired nucleotide changes. To facilitate this approach and to be able to readily combine mutations, the synthetic gene was designed to contain frequently occurring and suitably placed restriction sites for cassette mutagenesis.
MATERIALS AND METHODS

Materials
All restriction enzymes were from Bethesda Research Laboratories, Burlington, Ontario, Canada, or from Pharmacia, Baie d'Urfe, Quebec, Canada. T4 DNA Ligase, and Thermus aquaticus (Taq) DNA polymerase were from Bethesda Research Laboratories. T7 DNA polymerase was from US Biochemical Corp. Radionucleotides were from New England Nuclear. DMSO for PCR was Sigma Tissue Culture grade. NA-45 DEAE-cellulose paper for DNA fragment purification was purchased from Schleicher and Schuell. Tip-20 columns for plasmid DNA purifications were from QIAGEN. IPTG (isopropyl-/3-D-thiogalactoside) and remazol brilliant blue xylan were purchased from Sigma.
Oligonucleotide synthesis
Oligonucleotides were synthesized with an Applied Biosystems 391EP DNA synthesizer using the standard 0.2 micromole phosphoramidite cycle based on the method of Caruthers et al. (9) . All reagents, with the exception of the low loaded controlled pore glass support (Chem Genes Corporation, Waltham, Mass., USA) were from Applied Biosystems. The low loaded support (10 to 15 mg), derivatized at 4-6 micromoles per gram, was packed into empty Applied Biosystems columns to give an initial loading of 0.10-0.15 micromoles of nucleoside. The PCR primers and the long oligonucleotides were cleaved from the controlled pore glass supports and deprotected using ammonium hydroxide, and men lyophilized without desalting. No attempt was made to isolate or purify the long oligonucleotides as the full length material would be present in such low concentrations that traditional methods of visualization such as ultraviolet shadowing or radioactive end-labeling would not detect them. PCR primers were also used without purification. Oligonucleotide sequences are listed in Fig. 3 .
PCR gene synthesis
PCR was performed using an Ericomp Twinblock R Thermal Cycler with a Turbo chip installed for faster cycling. The amounts of the long oligomers Xyll and Xyl2 necessary to achieve PCR amplification of the desired XylA product were determined empirically. Approximately 20 picomoles of each flanking PCR primer oligonucleotide were used in each reaction.
PCR primers XyB and Xyl4 were mixed with varying dilutions of Xyll and Xyl2 in a final volume of 50 /il of PCR cocktail (1 mM MgCl 2 , 2.5% DMSO, 2 units Taq DNA polymerase, 67 mM Tris HC1 pH 8.8, 17 mM ammonium sulfate, 10 mM /3-mercaptoethanol, 0.2 mM each of dGTP, dATP, dTTP, and dCTP) in the preheated (94°C) thermocycler block. This mixture was then overlaid with 60 /tl of light mineral oil. The amplification cycle was: denaturation at 94°C for 5 sec, annealing at 57°C for 25 sec, and primer extension at 72°C for 1.5 min. Up to 35 cycles of amplification were employed. An additional 7 minute incubation at 72°C followed the final cycle of amplification. Then, one fifth of each reaction mixture was subjected to electrophoresis through a 1.5% TBE-agarose gel.
Approximately one nanogram of purified double stranded product XylA (426 base pairs, representing the first two-thirds of the xynA gene) or the optimum dilutions of oligonucleotides Xyll and Xyl2 were mixed with die third long oligonucleotide Xyl5 and 20 picomoles of flanking primers XyB and Xyl6" in PCR cocktail. This mixture was subjected to PCR as described above for a further 25 cycles. The resulting 629 base pair double stranded XylB DNA represented the full length synthetic xynA gene.
Cloning of PCR products
The PCR reaction mixture containing the full length synthetic XylB PCR product was extracted with phenol:chloroform:isoamyl alcohol (96:1:1); men the DNA was precipitated by addition of 5 id of polymerized acrylamide carrier, 0.5 volumes of 7.5 M ammonium acetate, and 2.5 volumes of 95% ethanol (10) . The XylB DNA was subsequently digested with the restriction enzymes Pst I and Hind m, dien further purified from a 1.0% agarose TBE gel using NA-45 paper according to the manufacturer's specifications. The purified XylB DNA was ligated to Pst I-Hind m digested plasmid pBS KSII (+) (Stratagene), and transformed into E. coli strain JM101. The resulting plasmid was designated pBS-XynA.
DNA sequencing
Double stranded plasmid DNA was purified using QIAGEN Tip-20 plasmid recovery columns as per manufacturer's instructions except that alkaline denaturation was at 65 °C radier than room temperature as specified. This allowed use of the rapidly growing E.coli strain JM101 as a host for preparing DNA for double stranded sequencing. Plasmid dideoxy DNA sequencing was performed as described by Gaterman et al. (11) ; however, 7-deaza dGTP was substituted for dGTP in all sequencing mixes, and sequencing reactions were incubated at 45°C not 37°C. Sequencing of specific regions of the XynA clones was facilitated by the use of the universal Ml3 forward and reverse primers and the flanking Xyl3 and Xyl4 PCR primers.
Expression of the synthetic xynA gene The 5' end of the synthetic xynA gene was modified by reamplification of the corrected XylB sequence using the Xyl6" and XyB" primers. PCR was performed as described using one nanogram of pBS-XynA as the template. The amplified DNA was subcloned into the Nhe I and Hind HI sites of the protein secretion vector pTug and transformed into E.coli strain JM101. The DNA sequence of a subclone which produced active xylanase was verified from the Nhe I site to the Sma I site of the syndietic gene; this clone was then digested with Sma I and Hind III and the corresponding fragment of pBS-XynA was inserted. The resulting clone, pTug-Xyl, was grown on LB agar plates containing 0.15 % remazol brilliant blue xylan and 0.1 mM IPTG. Production of functional xylanase resulted in a zone of clearance around the pTug-XynA colonies.
RESULTS
Design of the synthetic gene
The sequence of the synthetic gene (GenBank Accession # L22059) was designed wim the aid of the computer program Reverse Translator. This program was written to convert the amino acid sequence of a known polypeptide into a degenerate DNA sequence for a synthetic gene. The program allows insertion of restriction enzyme recognition sequences without alteration of the amino acid sequence of the final translation product. The program also allows selection of codon bias appropriate for expression in an E.coli host. A complete description of this new program will appear elsewhere (D.Trimbur and R.G., in prep.).
PCR amplification of die XynA cDNA from 5. commune confirms that the natural S. commune xynA gene is rich in guanosine and cytosine nucleotides (R.G., unpubl. obs.). Although G+C rich genes have been expressed in E.coli (e.g. bacterial cellulases (12)), optimal codons were chosen for high level expression in E.coli. Codons which are infrequent in E.coli genes (CGA, CGG, AGG, AGA; AUA; CUA; CCC; UCG) (13, 14, 15) were excluded from the sequence to avoid tRNA limitations in protein synthesis. Non-optimal codons were only chosen if required to create unique restriction sites. DNA sequence changes were also made to eliminate any stretches of five or more guanosines or cytosines to avoid possible difficulties in the chemical synthesis of XynA oligonucleotides, slippage during PCR amplification, or compression artefacts during DNA sequence analysis of the gene. Locations for restriction sites were selected using the following criteria. First, any unique sites present in the native S.commune cDNA sequence or sites present in the identical stretches of amino acid sequence in the homologous Bacillus circulans xylanase gene sequence were included in the synthetic xynA gene to facilitate formation of hybrid gene sequences. Secondly, in the case of multiple potential locations for insertion of a given restriction site, only one of the locations was chosen to render it unique. Thirdly, potential Eco K or Eco B restriction sites were purposely omitted from the synthetic gene sequence because these sequences are recognized by the restriction-modification systems of E.coli K-12 and B strains, respectively, and would limit the choice of E.coli host strains for expression studies. Lastly, long stretches of tandem or inverted repeat sequence were avoided to minimize potential secondary structure in the gene sequence.
The serine at the amino terminus of the mature xylanase isolated from 5. commune was arbitrarily defined as amino acid +1; thus the first nucleotide of the TCT serine codon was defined as nucleotide +1. The synthetic gene was designed to contain unique restriction sites at 31 different locations distributed throughout the 597 base pair mature sequence to define replaceable cassette target fragments (Fig. 1) . Care was taken to ensure that restriction sites were located at a minimum of every 50 base pairs. Restriction sites were also placed adjacent to key amino acid residues targeted for mutation. For example Cys 111 and Cys 160 form an intramolecular disulfide bridge; BamH I and Stu I restriction sites incorporated at nucleotides 319-324 and nucleotides 498-503 of the synthetic sequence allow convenient PCR mutagenesis and replacement of these residues on a 184 base pair DNA fragment.
Unique sites were placed at each end of the gene to enable easy transfer from one vector to another. Flanking 5' and 3' sites were selected for insertion into common vectors e.g. Hind HI is commonly found at the 3' insertion site of most sequencing and expression vectors. A Pst I site was added at the 5' end of the gene for cloning into pBS for sequencing the initial XylB clones. These restriction sites can be changed easily by PCR with flanking oligonucleotides; for example we describe the replacement of the Pst I site at the 5' end of the xynA gene with a Nhe I site by PCR to allow insertion of the gene into the expression vector pTug.
The xynA gene synthesis strategy, outlined schematically in Fig. 2 , used very long synthetic oligonucleotides to minimize the number of gene subfragments required. PCR primer extension (8) was utilized to create the complementary DNA strands, rather than synthesizing oligonucleotides for both DNA strands. Inclusion of annealable overlaps between all oligonucleotides facilitated primer extension (16) . PCR misincorporation error was not an important consideration in the gene synthesis strategy because misincorporations or deletions in the amplified gene sequence could be corrected by combining the correct sequences of two independently defective xylanase subclones to generate one authentic xylanase gene using two of the 31 unique restriction sites.
The sequences of the long oligonucleotide templates and flanking PCR primers employed to create the artificial xynA gene are listed in Fig. 3 . The exact sequence, length and location of overlap of the long oligonucleotides was selected such that each long oligonucleotide would be shorter than 230 nucleotides. This length was a balance between expectations of the capabilities of automated DNA synthesis and the risk in attempting synthesis of oligonucleotides in this size range. The 5' termini of the long oligonucleotides were located adjacent to restriction sites in the gene sequence for cloning purposes. Flanking PCR primers were designed to be complementary to 20 nucleotides of the long oligonucleotides to ensure specific annealing and to compensate for the absence of up to ten nucleotides on the ends of the long oligonucleotides as a result of incomplete synthesis. The flanking primer sequence was extended beyond this region of complementarity in order to maximize the span of the gene that could be created by one PCR reaction. In this way, an additional 21, 16, and 18 noncomplementary nucleotides were added on to the 5' ends of the XylA and XylB amplified products via primers Xyl3, Xyl4, and Xyl6, respectively. The PCR primers also included Figure 6 . Production of a functional xylanase by the artificial xynA gene. E.coli JM101 bearing the plasmid pTug-Xyl (left colony) or the plasmid vector pTug without an insert (right colony) was grown on LB agar plates containing 0.15% remazol brilliant blue xylan and 0.1 mM IPTG. Active xylanase cleaves /3-(l ,4) linkages between xylose residues of the substrate. Low molecular weight products with conjugated dye diffuse away from xylanase producing colonies, to give a colorless halo.
appropriate restriction sites for subcloning of the partial gene segments.
The long oligomers Xyl 1 and Xyl2 were designed to overlap by 20 nucleotides at their 3' ends, permitting annealing and extension by Taq DNA polymerase. The first cycle of PCR primer extension of the Xyll/Xyl2 overlap would create fully double stranded template XylA DNA. The XylA fragment was amplified using primers Xyl3 and Xyl4. The XylA product was used with Xyl5 in a second PCR reaction. Any annealing of Xyl5 to the complementary strand of XylA, followed by primer extension would produce some XylB DNA. Only XylB DNA could be amplified with the Xyll and Xyl6" flanking primers to give the full length gene as the major product.
It was critical that automated oligonucleotide synthesis proceeds in a 3' to 5' direction and thus the first twenty nucleotides synthesized were the regions of overlap. This guaranteed the presence of an annealing region, even on truncated Xyll and_Xyl2 oligonucleotides. Thus, even if the synthesis did fail to produce full length Xyll or Xyl2, the two oligonucleotides would still form a duplex. If amplification with the initial flanking primers had not worked because of the absence of priming sites on 5'-truncated Xyll or Xyl2, subfragments of the gene could still have been amplified by synthesizing flanking primers internal to Xyl3 and Xyl4.
Synthesis and characterization of oligonucleotides
In preliminary experiments with low loaded samples of 1000 A and 2000 A controlled pore glass supports for the synthesis of oligonucleotides of 100-120 nucleotides, the 1000 A support gave more consistent and higher yields. Therefore, it was used for synthesis of the long oligonucleotides.
Very little full length product could be detected in the mixture by end-labeling, electrophoresis and then radioautography. Fortunately trial PCR experiments proved successful despite the trace amounts of full length long oligomers, a testament to the sensitivity of the PCR procedure and to the specificity of the designed PCR primers.
Amplification of synthetic xynA
Trial experiments were carried out to determine the ratios of long oligonucleotides necessary for optimal PCR amplification of fragment XylA (Fig. 4, left panel) . Equal amounts of 1:1000 dilutions of each of the long oligonucleotides (less than 40 picomoles for Xyll and 17 picomoles for Xyl2) gave the best results, with limited dimerization of the oligonucleotide primers and good yields of apparently full length XylA PCR product. Higher concentrations of long oligonucleotides resulted in a nonspecific smear of amplified DNA, while use of too little oligonucleotide resulted in diminished product yield and enhanced formation of oligonucleotide primer dimer. A control experiment omitting Taq DNA polymerase produced no ethidium bromide stained material, demonstrating that the DNA in Fig. 4 (left panel) was the result of PCR synthesis, not staining of oligonucleotides.
Taq DNA polymerase has no 3' to 5' proofreading ability and thus PCR with this enzyme can result in amplified DNA with misincorporation errors, particularly after extensive amplification. These errors was minimized by reducing the number of cycles of amplification (Fig. 4, right panel) . Very little XylA was produced in 15 cycles of amplification. The amount of amplified XylA DNA increased when the cycles were increased from 20 to 30. After 25 cycles, however, there was more truncated or aberrant DNA. This was also true if the concentration of MgCl 2 was increased in a 25 cycle PCR reaction (data not shown). Thus PCR reactions utilized for subsequent synthesis and cloning of the XylA and XylB products were carried out for only 25 cycles and in the presence of 1 mM MgCl 2 .
When Xyll, Xyl2, and Xyl5 were mixed with the flanking primers Xyll and Xyl6" and amplified, the XylB fragment was not obtained (Fig. 5) . Varying the ratio of the three long oligonucleotides, the amount of MgCl 2 in the reaction, the number of PCR cycles, or the annealing temperature did not lead to the synthesis of XylB. When the amplified double stranded XylA product was mixed with Xyl5, Xyll, and Xyl6" and amplified, full length XylB was obtained (Fig. 5, lanes E-G) . Two additional fragments were produced which also appeared on amplification of purified cloned XylB with primers Xyl 1 and Xyl6" (data not shown). These fragments may represent single stranded DNA or aberrant PCR products; regardless, the XylB DNA fragment was readily purified from this reaction for subcloning.
Cloning the authentic xynA gene
The number of PCR cycles in each step of the synthesis of the xynA gene was kept to a minimum because of the infidelity of Taq DNA polymerase. From the reported error rate for the enzyme, approximately one mutation is expected per 400 base pairs amplified (17), or 1 -2 mutations per XylB fragment. Any misincorporation errors by Taq DNA polymerase during PCR, unless they occur in very early synthesis, should be found in random locations in the amplified DNA fragments. Thus any errors during PCR synthesis of the XylB fragment were probably at unique and different locations in each XylB fragment. Subcloning of XylB fragments into a plasmid vector isolated individual PCR amplified fragments from the mixed population of amplified DNA. The design of the xynA gene with unique restriction sites at a minimum of 50 base pair spacing made scrutiny of a multitude of subclones in search of one perfect copy unnecessary. Two subclones with unique and distinct sequence errors separated by a restriction enzyme cleavage site could be combined to generate a clone with the correct xynA sequence.
Three subclones of the XylB fragment were selected and sequenced in their entirety. Subclone 1 had a deletion of nucleotide 318, an A. Subclone 2 had a point mutation at nucleotide 503, converting T to C. Subclone 3 had a point mutation at nucleotide 331, converting T to G. Further subcloning and sequencing of XylB fragments was unnecessary as subclones 1 and 2 could be combined to yield the desired XylB sequence. Replacing the Cla I-Hind III fragment (see Fig. 1 for restriction map of xynA gene) of subclone 2 with the corresponding correct sequence from subclone 1 yielded the desired product. The resulting xynA gene cassette was then sequenced again to verify its integrity and that it corresponded to the designed sequence. This clone was designated pBS-XynA.
Expression of the synthetic gene
The xynA gene cassette was subcloned from the DNA sequencing plasmid pBS-Xyl into the protein expression plasmid pTug under regulation of the inducible Tac promoter (construction of this vector will be described elsewhere). Because pTug requires 5' Nhe I and 3' Hind m restriction sites, the XynA 5' end Pst I site was changed to a Nhe I site. This was accomplished by PCR amplification of the XynA gene using the original 3' flanking primer Xyl6" and a new 5' flanking primer, Xyl3" (see Fig. 3 ), which included the recognition sequence for Nhe I. The PCRamplified XynA DNA was subcloned into pTug and its presence verified by restriction digestion. The sequence of the Nhe I-Sma I region of the XynA gene in pTug-Xyl was verified by double stranded DNA sequencing. The Sma I-Hind HI fragment of pBSXyl was then inserted into this pTug clone to ensure that the rest of the gene sequence was correct. This final pTug-Xyl plasmid was transformed into E.coli strain JM101. Clones secreting functional xylanase produced zones of clearing when grown on LB-agar plates containing remazol brilliant blue xylan substrate (Fig. 6) .
DISCUSSION
Since the early work on tRNA gene synthesis (18) and the complete synthesis of the bovine rhodopsin gene (19, 20) , the ability to synthesize an entire gene chemically has become of increasing importance. A major factor contributing to the practicality of gene synthesis has been the rapidity and efficiency in the synthesis of longer and longer oligonucleotides. Automated methods for the production of small (15 -40mer) oligonucleotide primers are well established. Long oligonucleotides (> 80mers) are only required occasionally for special projects-such as gene synthesis. Today most commercially available synthesizers can provide 100-120mer oligonucleotides in sufficient yield that they can be isolated and purified; however purification becomes progressively more difficult as length increases. We now report an extension of the limit of oligonucleotide size suitable as template for artificial gene synthesis up to 217mers.
The characteristics of the oligonucleotide synthesis support were important for successful long oligonucleotide synthesis. Controlled pore glass supports are uniformly sized glass beads honeycombed with channels of uniform size. They are rigid, macroporous, and easy to derivatize with nucleosides. A support with a low degree of nucleoside derivatization was chosen to minimize the risk of steric hindrance during synthesis. It is understood that during solid phase oligonucleotide synthesis most of the chains are growing within the pores rather than on the surface of the beads. As the chains elongate smaller pores become blocked and synthesis becomes less efficient. The 1000 A channel controlled pore glass outperformed 2000 A channel controlled pore glass and thus was the support of choice for synthesis of the long oligonucleotides. Presumably the 1000 A pores became largely blocked when the chain size reaches the 100-140 range and it is highly likely that the few chains of full length product we produced were produced on the surfaces of the beads.
The application of PCR technology to gene synthesis using long oligonucleotides allowed the rapid and economical synthesis of the xynA gene. The synthesis required six oligonucleotides, using less than 17 nanograms of each of the three long oligomers and 100-200 nanograms of each of the three flanking primers to synthesize microgram quantities of xynA DNA (597 base pairs). It should be noted that the PCR reactions employed in xynA gene synthesis were exquisitely specific; the final PCR product was largely full length, with few contaminant fragments arising from internal priming, misannealing of the long oligomers, or deletions by slippage during synthesis. The method is of general utility, as demonstrated by the synthesis in our laboratory of two other artificial genes (C.Ramirez, pers. comm.). We have also shown that ten base pairs suffice for specific annealing and PCR amplification of long oligonucleotides (R. G., pers. obs.).
The ability to carry out mutational studies quickly and accurately on the gene of interest is of major importance in studies on protein structure and function. A variety of methods has been introduced for site-specific and cassette mutagenesis. Site-directed mutagenesis may be employed to alter gene sequences; however, the entire gene and regulatory regions must be re-sequenced to confirm that any alteration in the function or amount of the gene product is not the result of second site mutation(s). Cassette mutagenesis methods (21) rely on replacement of restriction fragments by synthetic counterparts containing the desired codon changes. This method allows rapid and extensive mutagenesis; however, it is limited by the frequency and distribution of unique restriction sites in naturally occurring gene sequences.
To avoid problems associated with these traditional mutational strategies, the xynA gene was synthesized so that unique restriction sites are present throughout the length of the gene. Mutations may be made by replacement of restriction fragments that average fifty base pairs or less in length. These DNA fragments are small enough that they can be resynthesized. Mutations can also be introduced in PCR primers or site-directed mutagenesis primers which include or are adjacent to a restriction site. Mutant DNA so generated can be precisely re-inserted into the wild type gene within a DNA fragment that is readily re-sequenced.
The availability of the functional recombinant synthetic xylanase gene from 5. commune will speed the understanding of the biochemical and biophysical properties of this enzyme and other members of this class of enzyme. It will be interesting to compare the structure and activity of this xylanase and its derivatives to that other members of this enzyme family.
